The effects of damping wiggler magnets have been studied at KEK-ATF damping ring, which is a 1.3 GeV storage ring capable of producing ultra-low emittance electron beams. The fast beam damping is a significant issue for the damping ring. The tuning method with 4 sets of wiggler magnets was investigated for the ultra-low emittance beam. The effect on the beam quality, which is related to the transverse (x and y) and the longitudinal (z and p/p), has been measured by the wire scanner, SR monitor, the laser wire, streak camera and the energy spread monitor. We report on the operational condition and the measurement results.
INTRODUCTION
The performance of the damping wiggler magnet is a significant issues for the future international linear collider (ILC) project. The KEK-ATF damping ring is a 1.3 GeV racetrack type storage ring, which has been able to produce the ultra-low emittance beam [1] . The KEK-ATF has four wigglers. The performance of the wiggler magnet was tested during the early time of the commission of the damping ring [2] . The commission of the wigglers revealed a problem. A large horizontal closed orbit distortion (COD) was observed when the wigglers were turned on, which came from the beam kick due to the field distribution at both end poles of the wiggler magnets. The beam tuning with the wigglers on was very difficult and the ultra-low emittance beam with the wiggler magnets could not be confirmed due to the large horizontal COD. In 2004, the electric loads (ELs) were installed at each coil of the wigglers to compensate the field distribution. The effect of the ELs and the operational condition are described in the next section. The measurement results for both with and without wigglers are also described.
WIGGLER MAGNET HARDWARE AND OPERATION
The parameters of the wiggler magnet are summarized in Table 1 . The parameters were designed for 1.5 GeV operation. The operation current of the wiggler magnet is 600A(0.8T) for the 1.3 GeV operation. The radiation loss per turn, U 0 , and the beam energy, E, are described by the following equations,
The energy loss per turn with ~600A operation at 1.3 GeV corresponds to 1000A operation at 1.5 GeV. The half poles at both ends of the magnet had about 8% higher integrated magnetic field compared to the full poles without correction. The electric loads are connected to each coil of the half pole in parallel. The electric loads independently decrease the current to each coil of the half pole from the main power supply. The electric load is a semiconductor device, which can keep a constant current. The integrated magnetic field as a function of the EL current is shown in Fig. 1 . The integrated magnetic field of the half pole with 100 A of the EL current has the same field of half of the full pole, while the main power supply current is 600A. 
Beam Operations with Wigglers
The beam operations with the wigglers on were studied. The EL current was set to minimize the horizontal COD. The betatron-tune were adjusted with the strength of the focusing magnets such that the tunes were the same wigglers on as wigglers off, x~1 5.18, y~8 .55, respectively. The edge focusing effect of the wigglers changes the ring optics. The injection matching and chromaticity correction was done to optimize beam storage condition. Fig. 2 shows the field compensation at each wiggler current, the EL current for maximum injection efficiency as a function of the main current of the wigglers, which agrees with the strength of the integrated magnetic field at 600A from Fig.1 . 
DAMPING TIME AND EMITTANCE SIMULATION AND MEASUREMENT
The simulation results of SAD [3] are shown in Table 2 for both with and without the wigglers, where x is the horizontal damping time, y is the vertical damping time, z is the longitudinal damping time, x is the horizontal emittance. To estimate the x , y , x , the beam size was measured by using a Fresnel zone plate monitor (FZP) [4] in the ring and wire scanners (WS) located at the extraction line, downstream of the damping ring. To estimate the z , the bunch length was measured by using the streak camera (SC) located at the west arc of the ring. The energy spread was measured by using the screen monitor located at the extraction line, where the dispersion is large. The beam size and the bunch length as a function of time is described by 2 (t) (t) = i e 2t / + e (1 e 2t / ), where i is the initial emittance, e is the equilibrium emittance and is the damping time. The damping time is estimated from the measured beam-size evolution by fitting to the above equation. Fig. 3 shows an example damping-time measurement, namely the square of the horizontal beam size as a function of time in the cases with and without wigglers. 
ms(SC) Table 3 Measured damping times
The measured damping times summarized in Table 3 are in good agreement with the SAD calculation. The measurement of the FZP also agrees with the WS measurement. The growth effect of the intra-beam scattering (IBS) was observed in both the horizontal beam size and the bunch length measurement of the damped beam. The measured energy spread also shows the same behaviour as the bunch length measurement. The horizontal emittance was estimated from the wire scanner measurement. SAD calculation predicted ~15% reduction of the horizontal emittance with wigglers at the zero current. Fig. 4 plots the measured emittances with and without wigglers. The intensity dependence was strong due to the IBS effect. It is difficult to compare the zero current emittance. Each measurement point with wigglers showed 10 to 20% reduction of the horizontal emittance compare to that without wigglers. The line shows the SAD calculation in the case of 0.5% of xycoupling and 300kV acceleration voltage, which almost The measurement in the case without wigglers was carried out by F. Zimmermann in 1998 [6] . The measured beam lifetime as a function of the horizontal tune in both cases with and without wigglers is shown in Fig.6 . There was no clear difference in the lifetime for either with and without wigglers. Unfortunately, the vacuum levels of the two cases were so different at the two times, so that it is difficult to compare the transverse acceptance. 
SUMMARY
The operational studies of the wiggler magnets were carried out at KEK-ATF. The field error of the end pole was compensated by using electric loads. The reduction of the damping time was measured by several monitors. The wiggler magnets were confirmed not to cause any measurable deterioration of the vertical emittance and the transverse acceptance.
